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A supersolid is a counter-intuitive state of matter that
combines the frictionless flow of a superfluid with the
crystal-like periodic density modulation of a solid1, 2.
Since the first prediction in the 1950s3, experimental ef-
forts to realize this state have focussed mainly on He-
lium, where supersolidity remains elusive4. Recently, su-
persolidity has also been studied intensively in ultracold
quantum gases, and some of its defining properties have
been induced in spin-orbit coupled Bose-Einstein conden-
sates (BECs)5 and BECs coupled to two crossed optical
cavities6, 7. However, the periodicity of the crystals in both
systems is fixed to the wavelength of the applied periodic
optical potentials. Recently, hallmark properties of a su-
persolid – the periodic density modulation and simulta-
neous global phase coherence – have been observed in
arrays of dipolar quantum droplets8–10, where the crys-
tallization happens in a self-organized manner due to in-
trinsic interactions. In this letter, we prove the genuine
supersolid nature of these droplet arrays by directly ob-
serving the low-energy Goldstone mode. The dynamics
of this mode is reminiscent of the effect of second sound
in other superfluid systems11, 12 and features an out-of-
phase oscillation of the crystal array and the superfluid
density. This mode exists only due to the phase rigidity of
the experimentally realized state, and therefore confirms
the genuine superfluidity of the supersolid.
Symmetry breaking is a crucial concept for describ-
ing phase transitions in particle13 and condensed matter
physics14, 15. A spontaneous symmetry breaking occurs when
the Hamiltonian of a system is invariant with respect to a cer-
tain symmetry while the equilibrium ground state is not. An
additional order parameter is therefore necessary to describe
the system. A broken continuous symmetry, like e.g. transla-
tional invariance or the U(1) symmetry associated with parti-
cle number conservation, leads to two types of collective ex-
citations called the Goldstone16 and Higgs17 modes. These
modes can usually be identified from the resulting effective
potential that has the shape of a mexican hat with respect
to the order parameter18. A schematic example is shown in
Fig. 1a. In this effective potential the gapless Goldstone16
and the gapped Higgs17 mode correspond to the phase and
amplitude modulation of the complex order parameter at long
wavelengths, respectively. In Fig. 1b & c, we schemati-
cally show the Goldstone and Higgs mode after breaking
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Figure 1: Goldstone and Higgs modes arising from the
broken continuous translational symmetry in an infinite
supersolid. a, Effective potential of an ordered phase as a
function of the complex order parameter. Higgs and Gold-
stone modes correspond to amplitude δA and phase δφ mod-
ulation of the order parameter Ψ = Aeiφ. The gapless Gold-
stone mode leads to a degeneracy of the ground state. b & c,
Illustration of the Higgs and Goldstone modes for a broken
continuous translational symmetry in an infinite system, for
which the modes correspond to an amplitude modulation and
a spatial shift of the crystal structure.
the continuous translational symmetry for an infinite sys-
tem, in which they correspond to a spatial shift (phonons)
and an amplitude oscillation of the periodic density modu-
lation. Both Goldstone and Higgs modes have successfully
been observed using spectroscopic methods in various plat-
forms including superfluid helium19, solid-state systems20–22
and ultracold quantum gases6, 23–26.
A quantum mechanical ground state that simultane-
ously breaks the global U(1) symmetry and the continuous
translational symmetry is the long-sought supersolid. One
promising system to realize supersolidity are dipolar quan-
tum gases, which inherently feature a preferred length scale
for a periodic density modulation due to their roton-like dis-
persion relation27–29. For increasingly dominant dipolar in-
teractions, the roton mode softens and finally becomes imag-
inary, at which point mean-field theory predicts a collapse.
However, this collapse is prevented by beyond mean-field
effects leading to stable quantum droplets30–34. Supersolid
ground states formed by arrays of these droplets have then
been proposed for suitably chosen combinations of confine-
ment and scattering length33, 35. Following this, arrays of
quantum droplets featuring supersolid properties – specif-
ically the crystalline density modulation and global phase
coherence – have recently been realized experimentally8–10.
Distinct from spin-orbit coupled BECs5 and BECs cou-
pled to two crossed optical cavities6, 7, spatial ordering of
1
ar
X
iv
:1
90
6.
04
63
3v
1 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 11
 Ju
n 2
01
9
Superfluid
Crystal
Superfluid
Δx
η
Δx
Crystal
0 100 200 300 400 500 600
- 6.
- 4.
- 2.
0.
2.
4.
6.
Time (ms)
Po
si
tio
n
(μm
)
a b
c d
Figure 2: Goldstone modes in a harmonic potential. a & b, The in-phase and out-of-phase Goldstone modes in a harmonic
trap in the long-wavelength limit. The arrows indicate the spatial displacement ∆x of the droplet array and the flow of the
superfluid density. Vertical dashed lines indicate the center-of-mass (COM) position of the whole cloud. The in-phase mode
corresponds to the COM dipole oscillation with the trap frequency, while the out-of-phase mode maintains the COM due
to the counterflow of the droplet array and the superfluid background. As a result this mode has a very low energy. c,
Simulated dynamics of the out-of-phase Goldstone mode for the ground state, an array of three droplets. The spatial motion
of the droplet array is compensated by a superfluid flow of atoms in the opposite direction in order to maintain the COM.
d, Numerically predicted correlation between the imbalance η and the displacement ∆x of the droplet array, together with a
linear fit. The shown error bars indicate the uncertainty of the fit used to extract η and ∆x.
these droplet arrays arises from intrinsic interactions between
the particles, and therefore the crystal can support phonon
modes. However, a definite proof of phase rigidity, and there-
fore genuine superfluidity, is still missing and required in or-
der to verify the supersolid nature of the system.
In this letter, we describe the experimental realiza-
tion of a state, that simultaneously shows all three necessary
hallmarks of a supersolid – a periodic density modulation,
global phase coherence and phase rigidity. In our work, the
phase rigidity is proven by studying the low-energy Gold-
stone mode of the system that arises due to the two broken
symmetries. The observed low-energy Goldstone mode fea-
tures an out-of-phase oscillation between the droplet array
and the superfluid density, involving Josephson-like dynam-
ics between the droplets and therefore highlighting the phase
rigidity of the state.
For an infinite supersolid droplet array that simulta-
neously breaks the global U(1) symmetry and the continu-
ous translational symmetry, we can define the correspond-
ing two complex order parameters as the condensate wave-
function Ψ(k = 0) and the periodic density modulation
%(k = 2pid ) = F
[
|Ψ(x)|2
]
with a wavelength d. Accom-
panying the two order parameters, there are two branches
of Goldstone and Higgs modes. This leads to a complex
excitation spectrum36, 37, featuring two kinds of sound, one
corresponding to the compressibility of the supersolid and
one corresponding to the superfluid stiffness. Correspond-
ingly for a trapped supersolid droplet array with a finite size,
the two Goldstone modes consist of an in-phase combina-
tion of phonons in the BEC and the crystal part of the su-
persolid (Fig. 2a), and an out-of-phase oscillation of the two
(Fig. 2b). The in-phase mode is exactly the center-of-mass
(COM) dipole oscillation of the whole cloud at the trap fre-
quency. However, the out-of-phase mode maintains the COM
by a precise interplay of the crystal motion and the superfluid
counterflow, which can have a significantly lower energy. In
contrast to the low-energy Goldstone mode, the Higgs mode
in our system is expected to be strongly damped and there-
fore only plays a negligible role in our observations.
To thoroughly explore the two modes in trapped
droplet arrays, we implement Bogliubov-de Gennes theory
based on the extended Gross-Pitaevskii equation (eGPE) in-
cluding the relevant beyond mean-field corrections35, 38, 39. In
the supersolid region, both the in- and out-of-phase mode
are found at the long-wavelength limit that correspond to
the sample size (see Methods). As expected, the energy of
the in-phase mode exactly corresponds to the trap frequency,
while the out-of-phase Goldstone mode has an excitation en-
ergy much lower than the trap frequency. The simulated time
evolution of the out-of-phase mode in a supersolid array is
shown in Fig. 2c. Starting from the symmetric three-droplet
ground state, the droplet array moves to one side. This move-
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ment of the droplet array is accompanied by a superfluid atom
transport that redistributes the atoms in order to maintain the
COM. For large displacements, which are realized for larger
excitation amplitudes, we observe an oscillation between a
three- and four-droplet state (see Methods). For each time
step we confirm that the COM stays unchanged within our
simulation resolution. Furthermore, from this simulation we
can obtain the oscillation frequency of 5.6 Hz for this low-
energy mode for the parameters used in the simulation of
Fig. 2c, in agreement with the Bogoliubov result.
In order to maintain the COM, the superfluid flow
characterized by the droplet imbalance η of the droplet array
and the crystal displacement ∆x must satisfy a certain rela-
tion. In an array of three droplets, we define the imbalance as
η = (N1−N3)/(N1+N2+N3) withNi the atom number in
the ith droplet, numbered from left to right, and the displace-
ment ∆x as the arithmetic mean of the positions of the three
droplets relative to the COM of the whole cloud, also includ-
ing a thermal background. Fig. 2d shows the strong corre-
lation between η and ∆x extracted from the numerical sim-
ulation shown in Fig. 2c, which is found to be the same for
different excitation amplitudes. More importantly, the corre-
lation is also robust against a small variation of the scattering
length, corresponding to different fractions of the superfluid
background. Therefore, the existence of such a correlation
acts as a clear signature for the out-of-phase Goldstone mode,
and thus proves supersolidity of the system.
In order to experimentally observe this low-energy
Goldstone mode, we prepare ultracold quantum gases of
162Dy in an elongated optical dipole trap with trap frequen-
cies ω = 2pi [30(1), 89(2), 108(2)] Hz and the magnetic field
along the yˆ axis (see Methods). Depending on the final scat-
tering length, the prepared cloud can be in the normal BEC
phase (> 100 a0), an incoherent droplet array (< 96 a0), or
a coherent droplet array in between. After reaching the fi-
nal scattering length, we let the cloud evolve and equilibrate
for 15 ms before we probe it using an in-situ phase-contrast
imaging.
As the oscillation period of the out-of-phase mode is
much longer than the droplet lifetime, which is limited by
three-body losses8, it is currently not feasible to use a stan-
dard spectroscopic method23, 29 to detect the Goldstone mode.
However, the low excitation energy of the out-of-phase Gold-
stone mode leads to its excitation within the energy band-
width of the dynamical formation process. As a result, the
mode should always be excited in the prepared samples with
a different phase due to experimental imperfections, such as
the non-adiabatic ramping of the scattering length, technical
noise, and thermal fluctuations. We therefore repeat the ex-
periment many times at each scattering length, in order to
statistically map out the correlation between the imbalance η
and the crystal displacement ∆x.
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Figure 3: Experimental correlation between η and ∆x. a,
Exemplary in-situ images with different displacements of the
droplet array relative to the total COM of the whole cloud
(dashed line). When the droplet array shifts to the right (left)
with a positive (negative) ∆x, atoms flow to the left (right)
resulting in higher atom number on the left (right) side, in
order to keep the COM unchanged. The integrated densi-
ties together with the fits (red curves) are also shown. b &
c, Experimental correlations in the supersolid (97.6 a0) and
isolated droplet (91.2 a0) region. The error bars correspond
to the uncertainty of the fits used to extract the position and
atom number of each individual droplet. The red curve is
the theoretical prediction for a supersolid state without any
free parameters as shown in Fig.2d. A correlation is clearly
demonstrated in the supersolid region, while such a correla-
tion is missing in the isolated droplet phase.
After post selection on the total atom number (see
Methods), ∆x and η are extracted for each cloud by fitting
the in-situ density distributions with a sum of four Gaussian
functions, corresponding to a BEC or thermal background
and three droplets. Some example images with different im-
balances and displacements ∆x for a scattering length of
97.6 a0 are shown in Fig. 3a to visualize how the imbal-
ance changes with respect to the spatial shift of the droplets.
Fig. 3b shows the measured correlation between η and ∆x
for the observed three-droplet states in the supersolid region,
where a strong correlation is observed. More importantly, the
correlation perfectly coincides with the theoretical prediction
(red curve in Fig. 3b) without any free parameters. We in-
terpret the spread in the data around the theoretical correla-
tions as imperfections in the extraction of the imbalance and
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Figure 4: The (η − ∆x) correlation across the phase di-
agram. a, Experimental signature of the phase diagram for
our trap geometry. We can identify the different regions by
evaluating the in-situ density modulation (blue, characterized
by the corresponding Fourier weight at the modulation wave-
length) and the global phase coherence (red, characterized by
the Fourier weight of in time-of-flight interference patterns)8.
The shadowed area is the determined coherent droplet region.
b, Mean variance of the experimental data with respect to
the theoretical correlation curve for the supersolid state. Co-
inciding exactly with the phase-coherent region in a is the
range where we observe the smallest variance, and therefore
the strongest correlation, which indicates the existence of the
low-energy Goldstone mode. The errors bars indicate the
standard error of the experimental data with respect to the
obtained correlation from the theoretical simulations.
the displacement, as well as small excitations of higher lying
modes. The existence of the correlation proves the presence
of the low-energy Goldstone mode, and therefore superso-
lidity of the system. For comparison, one example of iso-
lated droplet arrays at 91.2 a0 is shown in Fig. 3c, where the
correlation is missing, resulting from the lack of superfluid
counterflow due to the vanishing superfluid fraction.
To quantify the range of the contact interaction for
which we can observe supersolid arrays of quantum droplets,
we calculate the variance of the experimental data with re-
spect to the obtained correlation from the theoretical simula-
tions. A small variance therefore is evidence for the existence
of the low-energy Goldstone mode. The measured variance
of the data compared to the theory across the explored region
is shown in Fig. 4b. We can clearly see a region with smaller
variance, and therefore stronger correlation, which coincides
exactly with the region of global phase coherence (shadowed
area in Fig. 4a). The latter can independently be determined
from time-of-flight interference8. In the BEC phase, some
clouds are also detected to be density modulated, which may
result from excitations of the roton mode, which close to the
phase transition also has a small excitation energy due to its
softening. However, the correlation is also missing in this re-
gion. As a theory independent test, we analyze the η − ∆x
correlation data with a linear fit and confirm that only in the
supersolid region the displacement can be compensated by
a superfluid flow, and therefore an imbalance of the droplet
array (see Methods).
In conclusion, we have studied the low-energy Gold-
stone mode in a trapped supersolid droplet array of dipo-
lar dysprosium atoms which enables the simultanous detec-
tion of phase coherence and phase rigidity. The out-of-phase
mode features a counterflow of the crystal-like droplet array
and the superfluid density, leading to a robust correlation be-
tween the imbalance and the displacement of the droplets.
This mode therefore directly connects to the broken U(1)
symmetry and the continuous translational symmetry, high-
lighting the supersolid nature of the coherent arrays of dipo-
lar quantum droplets. An extension to our work would be
the observation of other collective excitations, especially the
Higgs modes, which require additional symmetries to sup-
press their decay into other lower-energy excitations21. An-
other promising direction is realizing a supersolid state with
larger droplet numbers, or even two-dimensional supersolid
arrays40, where an additional spatial symmetry is broken,
leading to an even more complex excitation spectrum.
Note: During the preparation of this manuscript, we
became aware of a related complimentary study of higher ly-
ing collective modes, showing a bifurcation upon the transi-
tion from a regular BEC to the supersolid droplet array 41.
Methods
Sample preparation and experimental details. The com-
plete experimental sequence is described in detail in our
previous publications8, 30. In short, we prepare a quasi-
pure BEC of 162Dy in a crossed optical dipole trap formed
by two laser beams at 1064 nm. The degenerate cloud
typically contains of 4 × 104 atoms at a temperature be-
low 10 nK. After evaporation, the trap is reshaped within
20 ms to the final trap geometry with trap frequencies of
ω = 2pi [30(1), 89(2), 108(2)] Hz. For the presented
measurements the magnetic field is orientated along the yˆ-
direction. Subsequently, we tune the contact interaction from
the background scattering length abg = 140(20) a042–44 to
approximately 112 a0 by ramping the magnetic field closer
to the double Feshbach resonances near 5.1 G8, 45, 46. To
reach the droplet region, the magnetic field is further linearly
ramped to the final scattering length in the range of 90 a0 and
105 a0 in 30 ms. We then let the samples evolve for 15 ms in
order to allow the quantum droplet arrays to form and equi-
librate. Subsequently we probe the atomic clouds with our
4
in-situ phase-contrast imaging, which is performed along the
zˆ axis using a microscope objective with a numerical aperture
of 0.3. Our resolution of about 1 µm allows us to distinguish
nearby droplets that are separated by ∼3 µm. By fitting each
individual droplet with a Gaussian, we can extract the atom
number in each individual droplet, as well as the position of
the droplet to a higher precision than our imaging resolution.
To verify the range for which we observe phase-
coherent droplet arrays, we implement a time-of-flight inter-
ference sequence similar to our previous work8. For this we
ramp up the scattering length within 100µs to∼ abg , in order
to accelerate the expansion and then release the atoms from
the trap. Due to the changed geometry the expansion time is
now limited to 7.2 ms compared to our previous publication.
Nonetheless, we can observe clear interference patterns and
are able to distinguish between phase-coherent and incoher-
ent droplet regimes.
Notably, for samples with smaller scattering lengths,
which means for magnetic fields closer to the Feshbach res-
onances, the clouds suffer from more severe three-body loss.
The black points in Fig. S1 indicates the corresponding av-
erage atom number in the experiment for each scattering
length. For our evaluation we post-select realizations in a
range of±15% around the average atom number at each scat-
tering length are selected in the statistical evaluation from
which the correlation is extracted. The experimental real-
izations mostly consist of three or four droplets. We ana-
lyze these two cases separately after distinguishing them with
multiple Gaussian fits. Although the COM is experimentally
determined by the whole image, it is dominated by the con-
densate and thermal background within the BEC and coher-
ent droplet region. For isolated droplets we also observe a
thermal background, which then acts as the main contribu-
tion to the determined COM of the whole cloud, that we use
as a reference for the calculation of the displacement.
For the range of scattering lengths studied in this
work, our experimentally determined stability of the mag-
netic field leads to an uncertainty of ∼1 a0, while the cali-
bration of the positions and widths of the double Feshbach
resonances, that we use to tune the scattering length, results
in an uncertainty of ∼4 a0. On top of this uncertainty, there
is an overall systematic uncertainty due to the absolute value
of the background scattering length42–44, which has so far not
been measured to high precision. This leads to an uncertainty
of all calculated scattering lengths that is on the order of 15%.
Theory: eGPE simulations and Bogoliubov excitation
spectrum. Our theory is based on numerical solving the
extended Gross-Pitaevskii equation (eGPE), which includes
quantum fluctuations as beyond mean-field corrections. We
obtain the ground states by performing imaginary time
evolution33 of the eGPE including a harmonic potential with
ω = 2pi [30, 90, 110] Hz, similar to the experiment. In
this trap we obtain a three-droplet ground state for scatter-
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Supplementary Figure S1: Theoretical phase boundaries.
As an indicator of the phase coherence, we show the ratio
of the first minimum in the density compared to the central
droplet peak density as an indicator of the overlap between
the droplets46 of the calculated density profile of the ground
state in red. As in the experiment, three regions are identified
and the coherent region locates between 94 a0 and 97 a0,
shifting ∼3 a0 from the experimentally obtained phase di-
agram. These simulations are done for an atom number of
30 × 103. The black points indicate the measured average
atom number in the experiment at each scattering length.
ing lengths as ≥ 91 a0, as it is shown in Fig. S3. To identify
the phase-coherent droplet arrays, we use the same indicator
of the nearest minimum divided by the central maximum as
an estimation of the overlap between the droplets like in our
previous publication8. The result is shown in Fig. S1, where
we can succesfully identify the three different regions, with
the coherent region being located between 94− 97 a0. Com-
pared to the experimental data, the obtained coherent region
from the simulations is shifted by 3 a0, in line with recent
results in Erbium showing a similar deviation10, 29.
To calculate the excitation spectrum, we follow the
Bogoliubov-de Gennes theory by linearizing the eGPE
around the ground states 38. The resulting Bogoliubovde
Gennes equations are then solved numerically to obtain the
excitation modes38. The obtained dispersion relations are
exemplarily shown in Fig. S2 for three different scattering
lengths. Due to finite sample size, the excitation spectra be-
come discrete with each mode corresponding to a spread out
momentum. In order to visualize the spectra we calculate the
zero-temperature structure factor S(ω, q)47, 48 that indicates
the dynamic response of the cloud. The higher the amplitude
of this structure factor, the stronger is the density response of
the system to the corresponding mode. In this work, we ig-
nore the modes with excitation energies higher than ∼90 Hz,
where excitations along the other trap axes start to play a role
and make the spectrum much more complex.
In the BEC phase (Fig. S2a), there is only one exci-
tation branch, featuring an increasing excitation energy with
increasing momentum q. By decreasing the contact interac-
tion strength we can observe the appearance of the the roton
mode in Fig. S2b. Lowering the scattering length further,
the roton mode softens and we enter the supersolid regime,
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Supplementary Figure S2: Dynamic structure factor of the
collective excitations. Calculated structure factor S(ω, q)
in the BEC phase for as = 100 a0 (a) and as = 98 a0 (b)
and in the supersolid droplet arrays (c) for as = 96 a0. Due
to the finite size of the system, long wavelength modes be-
come discrete and the lowest possible excitation energy is
set by the trap frequency (dashed red line). For decreasing
contact interaction strengths we can observe the roton mini-
mum emerging, until finally its gap closes and the supersolid
appears. In the supersolid regime we can clearly see the low-
energy out-of-phase Goldstone mode and the large gap to all
the other modes above the trap frequency of 30 Hz. The color
code is normalized to the mode with the highest response
across the shown scattering lengths.
where an additional excitation branch with lower energy ap-
pears due to breaking of the continuous translational symme-
try. This low-energy mode corresponds to the out-of-phase
Goldstone mode, whose correlation we directly observe in
the experiment. Close to the phase transition from BEC to
supersolid, the calculations clearly reveal a large energy split-
ting between this low energy mode and any other collective
mode, especially the in-phase COM mode at the trap fre-
quency. For smaller contact interaction strength we reach
the regime of isolated droplets, where the low-energy out-of-
phase decreases in energy. At the same time, we observe the
emergence of a clear periodicity in the excitation spectrum
due to the underlying crystal structure.
Supplementary Figure S3: Phase pattern of the Goldstone
mode. Density cut through the three-droplet ground state
(black) along the xˆ axis and the phase pattern (red) corre-
sponding to the low-energy Goldstone mode.
Dynamics of the out-of-phase Goldstone mode. From the
numerically solved Bogoliubov-de Gennes equations, we can
also obtain the phase pattern of each excitation mode. In
Fig. S3 we show the calculated 1D-line cut through the 3D
phase pattern of the out-of-phase Goldstone mode, together
with a density cut through the calculated density profile of the
three-droplet ground state. Similar as in Josephson dynam-
ics, the phase gradient is directly proportional to the particle
flow. Distinct from the phase pattern of the in-phase dipole
mode which is a constant phase gradient over the cloud, the
out-of-phase mode has a step-wise phase pattern, with each
step coinciding with a droplet. While the whole BEC back-
ground thus experiences a phase gradient with a particular
direction, the droplets always experience a gradient in the
opposite direction. This leads to the counterflow between the
BEC background and the crystal that characterizes this mode.
By numerically imprinting the phase pattern of a specific col-
lective excitation onto the ground state, we can directly simu-
late the excitation dynamics of each individual mode by per-
forming a real-time evolution of the eGPE. Doing this for the
out-of-phase Goldstone mode, we obtain the dynamical time
evolution of this low-energy mode, as it is shown in Fig. 2c
of the main text.
We simulate the real-time dynamics of the system for
different scattering lengths in the supersolid range. Decreas-
ing the scattering length we observe an increase of the os-
cillation period, in line with the results obtained from the
calculated dispersion relations. This decrease of the oscil-
lation frequency is accompanied by a decrease in the oscil-
lation amplitude. Looking at the correlation between the im-
balance η and displacement ∆x that we use as an indication
for the presence of the low-energy Goldstone mode, we ob-
serve that it remains unchanged within the uncertainty of our
evaluation, even though the oscillation frequency changes by
nearly doubles in the studied range of the scattering length.
Using a similar procedure, we have also checked that
the correlation is independent of the excitation amplitude.
This is the case as long as the oscillation amplitude re-
mains sufficiently small. In our simulations for larger os-
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Supplementary Figure S4: Large amplitude dynamics of
the out-of-phase Goldstone mode. Starting from an array
of three droplets, the state can change to a four-droplet state
for large excitation amplitudes. From there it either oscillates
back and forth between the two (a) or the excitation ampli-
tude is so large that we find that the motion is not even oscil-
latory anymore, but that the excitation rather travels only in
one direction (b).
cillation amplitudes, we can observe that the three-droplet
state changes to a four droplet state for large displacements.
As an example, we show two simulated real-time evolutions
with higher amplitudes of the low-energy mode in Fig. S4.
The change from a three- to a four-droplet state can hap-
pen, because in our particular trap and at the studied scat-
tering lengths, the energy difference between the two states
is small. However, the periodic coherent emergence and dis-
appearance of a new droplet on the edges of the system is an-
other clear evidence for the presence of superfluid flow. For
very large amplitudes, as it is shown in Fig. S4b, the exci-
tation is no longer oscillatory, but traveling in one direction,
reminiscent of the Goldstone mode in an infinite system (see
Fig. 1c of the main text).
Evaluation of four-droplet states. For large displace-
ments in our dynamical simulations of the Goldstone mode,
that happen at a large amplitude of the excitation, the three-
droplet ground state can change to a four-droplet state. Since
the two states with different droplet number are smoothly
connected, we also observe four-droplet states in the experi-
ment, due to strong excitations of the Goldstone mode.
In order to maintain the COM, this
mode should again satisfy a certain relation be-
tween the imbalance, which we now define as
η = (N1 + N2 − N3 − N4) / (N1 + N2 + N3 + N4 )
Supplementary Figure S5: Simulated (η −∆x) correlation
of the four-droplet dynamic states. Numerically predicted
correlation between the imbalance η and droplets displace-
ment ∆x for the four-droplet states appearing at large exci-
tation amplitudes of the low-energy Goldstone mode (blue
points). The red line corresponds to a linear fit.
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Supplementary Figure S6: Experimental correlation of the
observed four-droplet states. Similar to Fig. 3 in the main
text, we show the experimental correlation in the supersolid
(97.6 a0, a) and isolated droplet (91.2 a0, b) region, as well
as example in-situ images of four-droplet states (c). For the
four-droplet states we observe a clear correlations of imbal-
ance and displacement throughout the supersolid region.
for a four-droplet state, and the displacement ∆x, which
we again define as the arithmetic mean of all four positions
of the individual droplets relative to the COM of the whole
cloud. The calculated correlation of a four-droplet state
is shown in Fig. S5. The data in this plot corresponds to
the large displacement data that was shown in Fig. S4.
Again, we obtain a linear dependence, that is robust against
variations of the scattering length, as well as the excitation
amplitude.
In our experiment we also find a sizeable amount of
realizations with four-droplets, for which we perform the
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Supplementary Figure S7: Variance of the four-droplet
data with respect to the theoretical correlation. Similar
to Fig. 4b of the main text, we find that the variance of the
four-droplet data with respect to the theoretical prediction is
lowest in the supersolid region.
same statistical analysis as we presented in the main text for
the three-droplet states. The same as for the three-droplet
state, we find a clear correlation for the supersolid regime
(Fig. S6a), while the variance of the data is larger for the
isolated droplet regime (Fig. S6b) indicating that no corre-
lation exists in the isolated droplet region. This can also be
seen in the example images of four-droplet states in the super-
solid regime with different displacements, which are shown
in Fig. S6c. Similar to the three-droplet case, we can again
calculate the variance of the experimental data with respect
to the theoretical correlation curve as an indicator of the ex-
istence of the Goldstone mode with respect to the contact
interaction strength. Similar to Fig. 4b of the main text,
the variance of the four-droplet state shown in Fig. S7 has
a clear minimum in the range where we observe phase coher-
ent droplet arrays.
Theory independent evaluation. As a test that is indepen-
dent of our underlying theory, we implement a linear fit to the
experimental data at each scattering length and compare the
data to this fit, instead of the theoretically obtained correla-
tion. This linear fit allows us to do two complimentary tests.
First, we can again calculate the spread of our experimen-
tal measurements with respect to the linear fit. In agreement
with the comparison to the theoretical curve, the calculated
variance with respect to the linear fit is again lowest directly
in the phase-coherent regime and increases by changing the
scattering length in either direction. As a second check, we
can look at the absolute value of the intersection point of the
linear fit with the axis of the displacement. For a supersolid
state, this intersection should be at zero, corresponding to
a symmetric droplet array with a vanishing imbalance at no
displacement. For isolated droplets on the other hand, initial
fluctuations during the formation process cannot be compen-
sated, meaning that we can get imbalanced droplet arrays,
even if the array is in the center of the cloud. The obtained
intersection points for the observed three- and four-droplet
a
b
Supplementary Figure S8: Theory independent evaluation.
Intersection point of the fit with the displacement axis for
the three-droplet states (a) and the four-droplet states (b) ob-
tained from a linear fit to the η −∆x correlation data across
the explored phase diagram. An intersection point close
to zero indicates the presence of a superfluid flow that can
compensate fluctuations during the formation process. The
shown error bars represent the fit error of the intersection
point.
states are shown in Fig. S8a & b, respectively. This shows
that the intersection point is only close to zero in the super-
solid region. Both of these theory independent checks act as
an additional proof of the existence of a correlation between
the imbalance and the displacement arising due to the low-
energy Goldstone mode of the system.
1. Leggett, A. J. Can a solid be” superfluid”?
Phys. Rev. Lett. 25, 1543 (1970).
2. Boninsegni, M. & Prokofev, N. V. Colloquium: Super-
solids: What and where are they? Rev. Mod. Phys. 84,
759 (2012).
3. Gross, E. P. Unified theory of interacting bosons.
Phys. Rev. 106, 161 (1957).
4. Chan, M., Hallock, R. & Reatto, L. Overview on solid
4 he and the issue of supersolidity. J. Low Temp. Phys.
172, 317–363 (2013).
5. Li, J. R. et al. A stripe phase with supersolid properties
in spin-orbit-coupled Bose-Einstein condensates. Nature
543, 91–94 (2017).
6. Le´onard, J., Morales, A., Zupancic, P., Donner, T. &
Esslinger, T. Monitoring and manipulating higgs and
goldstone modes in a supersolid quantum gas. Science
358, 1415–1418 (2017).
8
7. Le´onard, J., Morales, A., Zupancic, P., Esslinger, T. &
Donner, T. Supersolid formation in a quantum gas break-
ing a continuous translational symmetry. Nature 543, 87
(2017).
8. Bo¨ttcher, F. et al. Transient supersolid properties in
an array of dipolar quantum droplets. Phys. Rev. X 9,
011051 (2019).
9. Tanzi, L. et al. Observation of a dipolar quantum gas
with metastable supersolid properties. Phys. Rev. Lett.
122, 130405 (2019).
10. Chomaz, L. et al. Long-lived and transient supersolid
behaviors in dipolar quantum gases. Phys. Rev. X 9,
021012 (2019).
11. Atkins, K. R. Liquid helium (Cambridge Univ. Press,
1959).
12. Sidorenkov, L. A. et al. Second sound and the superfluid
fraction in a Fermi gas with resonant interactions. Nature
498, 78 (2013).
13. Nambu, Y. & Jona-Lasinio, G. Dynamical model of el-
ementary particles based on an analogy with supercon-
ductivity. Phys. Rev. 124, 246 (1961).
14. Griffin, A., Allan, G. et al.
Excitations in a Bose-condensed Liquid, vol. 4 (Cam-
bridge University Press, 1993).
15. Anderson, P. W. Random-phase approximation in the
theory of superconductivity. Phys. Rev. 112, 1900
(1958).
16. Goldstone, J. Field theories with superconductor so-
lutions. Il Nuovo Cimento (1955-1965) 19, 154–164
(1961).
17. Higgs, P. W. Broken symmetries and the masses of gauge
bosons. Phys. Rev. Lett. 13, 508 (1964).
18. Strictly speaking this is only valid for identical particles
with no other degrees of freedom.
19. Yarnell, J., Arnold, G., Bendt, P. & Kerr, E. Energy vs
momentum relation for the excitations in liquid helium.
Phys. Rev. Lett. 1, 9 (1958).
20. Sooryakumar, R. & Klein, M. Raman scattering by
superconducting-gap excitations and their coupling to
charge-density waves. Phys. Rev. Lett. 45, 660 (1980).
21. Littlewood, P. & Varma, C. Gauge-invariant theory of
the dynamical interaction of charge density waves and
superconductivity. Phys. Rev. Lett. 47, 811 (1981).
22. Ru¨egg, C. et al. Quantum magnets under pres-
sure: controlling elementary excitations in TlCuCl3.
Phys. Rev. Lett. 100, 205701 (2008).
23. Stamper-Kurn, D. et al. Excitation of phonons in a bose-
einstein condensate by light scattering. Phys. Rev. Lett.
83, 2876 (1999).
24. Endres, M. et al. The Higgs amplitude mode at the two-
dimensional superfluid/Mott insulator transition. Nature
487, 454 (2012).
25. Hoinka, S. et al. Goldstone mode and pair-breaking ex-
citations in atomic Fermi superfluids. Nat. Phys. 13, 943
(2017).
26. Behrle, A. et al. Higgs mode in a strongly interacting
fermionic superfluid. Nat. Phys. 14, 781 (2018).
27. Santos, L., Shlyapnikov, G. V. & Lewenstein, M. Roton-
Maxon Spectrum and Stability of Trapped Dipolar Bose-
Einstein Condensates. Phys. Rev. Lett. 90, 250403
(2003).
28. Chomaz, L. et al. Observation of roton mode popula-
tion in a dipolar quantum gas. Nat. Phys. 14, 442–446
(2018).
29. Petter, D. et al. Probing the roton excitation spectrum of
a stable dipolar Bose gas. Phys. Rev. Lett. 122, 183401
(2019).
30. Kadau, H. et al. Observing the Rosensweig instability of
a quantum ferrofluid. Nature 530, 194–197 (2016).
31. Ferrier-Barbut, I., Kadau, H., Schmitt, M., Wenzel, M. &
Pfau, T. Observation of Quantum Droplets in a Strongly
Dipolar Bose Gas. Phys. Rev. Lett. 116, 215301 (2016).
32. Ferrier-Barbut, I., Schmitt, M., Wenzel, M., Kadau, H. &
Pfau, T. Liquid quantum droplets of ultracold magnetic
atoms. J. Phys. B 49, 214004 (2016).
33. Wenzel, M., Bo¨ttcher, F., Langen, T., Ferrier-Barbut, I.
& Pfau, T. Striped states in a many-body system of tilted
dipoles. Phys. Rev. A 96, 053630 (2017).
34. Ferrier-Barbut, I., Wenzel, M., Schmitt, M., Bo¨ttcher, F.
& Pfau, T. Onset of a modulational instability in trapped
dipolar Bose-Einstein condensates. Phys. Rev. A 97,
011604 (2018).
35. Roccuzzo, S. M. & Ancilotto, F. Supersolid behavior
of a dipolar bose-einstein condensate confined in a tube.
Phys. Rev. A 99, 041601 (2019).
36. Saccani, S., Moroni, S. & Boninsegni, M. Excitation
spectrum of a supersolid. Phys. Rev. Lett. 108, 175301
(2012).
37. Macrı`, T., Maucher, F., Cinti, F. & Pohl, T. Elemen-
tary excitations of ultracold soft-core bosons across the
superfluid-supersolid phase transition. Phys. Rev. A 87,
061602 (2013).
38. Ronen, S., Bortolotti, D. C. & Bohn, J. L. Bogoli-
ubov modes of a dipolar condensate in a cylindrical trap.
Phys. Rev. A 74, 013623 (2006).
39. Wilson, R. M., Ronen, S. & Bohn, J. L. Critical super-
fluid velocity in a trapped dipolar gas. Phys. Rev. Lett.
104, 094501 (2010).
9
40. Baillie, D. & Blakie, P. Droplet crystal ground states of
a dipolar Bose gas. Phys. Rev. Lett. 121, 195301 (2018).
41. Tanzi, L. et al. Supersolid symmetry breaking from
compressional oscillations in a dipolar quantum gas.
arXiv:1906.02791 (2019).
42. Tang, Y., Sykes, A., Burdick, N. Q., Bohn, J. L. & Lev,
B. L. s-wave scattering lengths of the strongly dipo-
lar bosons 162Dy and 164Dy. Phys. Rev. A 92, 022703
(2015).
43. Tang, Y. et al. Anisotropic expansion of a thermal dipolar
bose gas. Phys. Rev. Lett. 117, 155301 (2016).
44. Tang, Y. et al. Thermalization near integrability in
a dipolar quantum newton’s cradle. Phys. Rev. X 8,
021030 (2018).
45. Baumann, K., Burdick, N. Q., Lu, M. & Lev, B. L.
Observation of low-field Fano-Feshbach resonances
in ultracold gases of dysprosium. Phys. Rev. A 89,
020701(R) (2014).
46. Bo¨ttcher, F. et al. Quantum correlations in dilute dipolar
quantum droplets beyond the extended Gross-Pitaevskii
equation. arXiv:1904.10349 (2019).
47. Brunello, A., Dalfovo, F., Pitaevskii, L., Stringari, S.
& Zambelli, F. Momentum transferred to a trapped
Bose-Einstein condensate by stimulated light scattering.
Phys. Rev. A 64, 063614 (2001).
48. Blakie, P. B., Ballagh, R. J. & Gardiner, C. W. Theory of
coherent Bragg spectroscopy of a trapped Bose-Einstein
condensate. Phys. Rev. A 65, 033602 (2002).
Acknowledgements We acknowledge insightful discussions with
the groups of F. Ferlaino, G. Modugno, L. Santos and T. Pohl, as
well as with A. Pelster and A. Balaz. This work is supported by
the German Research Foundation (DFG) within FOR2247 under
Pf381/16-1 and Bu2247/1, Pf381/20-1, and FUGG INST41/1056-1.
T.L. acknowledges support from the EU within Horizon2020 Marie
Skłodowska Curie IF (Grants No. 746525 coolDips).
Author Contributions M.G., F.B., J.S performed the experiment
and analyzed the data. J.H. and M.W. performed the numerical anal-
ysis. H.P.B., T.L., and T.P. provided scientific guidance in experi-
mental and theoretical questions. All authors contributed to the in-
terpretation of the data and the writing of the manuscript.
Author Information The authors declare no competing financial
interests. Correspondence and requests for materials should be ad-
dressed to T.P. (email: t.pfau@physik.uni-stuttgart.de).
10
